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ABSTRACT

This report covers in detail the solid state research work of the Solid
State Division at Lincoln Laboratory for the period 1 February through
30 April 1977. The topics covered are Solid State Device Research,
Quantum Electronics, Materials Research, Microelectronics, and
Surface-Wave Technology. Funding is primarily provided by the Air
Force, with additional support provided by the Army, ARPA, NSF,
and ERDA.
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INTRODUCTION

I. SOLID STATE DEVICE RESEARCH

A GaAs 2 X 2 electrooptic waveguide switch in which the power isolation in both
switch states can be electrically optimized has been demonstrated. The device
exhibits up to 25 dB power isolation in both states with total power output con-
stant to within <0.3 dB.

The p-n junction location in double-heterostructure (DH) GalnAsP/InP laser
diodes was determined by using a scanning electron microscope. Even though
undoped or Sn-doped quaternary layers are n-type if grown on insulating sub-
strates, the quaternary layer in the grown DH is p-type, presumably due to Zn
diffusion from the Zn-doped InP capping layer.

An investigation of the proton bombardment of InP indicates that the resistivity
of n-type InP can be increased only to a level of about 103 Q2 -cm, while the re-
sistivity of p-type InP can be increased to >108 Q-cm for an optimum multiple-
energy dose or an optimum combination of dose and post-bombardment anneal.
The results can be explained by a model which assumes that the proton bom-

bardment creates both deep donor and deep acceptor levels.

The ion implantation of Se, Si, Be, Mg, Cd, and Fe in InP was investigated.
Implantation of Fe was found to be quite effective in creating high-resistivity
layers in n-type InP. A multi-energy Fe implant in n-type InP (n = 4 X
1016 cm-3) followed by annealing at 725°C for 15 min. yielded layers with a re-
sistivity ziO7 Q-cm.

A high distribution coefficient impurity, identified as silicon, was shown to be a
key problem in achieving the goal of growing high-purity InP layers by liquid-
phase epitaxy (LPE). We found that not only is the Si concentration of as-
received In too high, but also the LPE growth solution can be contaminated with
Si through direct or indirect contact with quartz if a strongly reducing gas such
as dry H2 is present in the growth tube.

II. QUANTUM ELECTRONICS

A simple miniature room-temperature pulsed NdF'SO14 laser excited by a small
Xe flashlamp has been made, with threshold energies of a few hundred milli-
joules. Output energies of 4.5 mJ have been obtained with less than 1 J input,

and further improvement is expected.

Efficient second-harmonic generation has been achieved in AgGaSeZ. Using a
(‘O2 laser with a 0.5-nsec pulse length, a second-harmonic energy conversion

efficiency of 33 percent was observed.




The second harmonic generated by a CdGeAs2 crystal pumped by a passively
Q-switched CO2 laser has been scattered from a remote topographic target and
the return signals detected. This system can be used for differential absorption

measurements of the concentrations of atmospheric constituents.

Grating tuning of the optically pumped Oi?’CS and CZHZ lasers has been dem-
onstrated. From the measured 53 laser lines of the 013CS laser, the band
center for the laser transition has been determined.

The second vibrational overtone absorption spectrum of the Vg mode of SF6 has
been measured using a 1-m grating spectrometer. Only a single Q-branch

transition was observed.

Infrared double-resonance and saturation techniques have both been used to
measure the V-T relaxation of the Vg mode of CH3F in dilute solution in the
cryogenic hosts liquid OZ and liquid Ar. With the double-resonance technique,
a relaxation time of 375 + 35 nsec was found in liquid 02’ while in liquid Ar the
relaxation time was 1.30 = 0.15 psec. An induced vy —»2u3 absorption was ob-
served in the double-resonance measurement; the observed anharmonicity is in

good agreement with the gas-phase literature value.

The previously developed rotation-vibration interaction model for the widths of
two-photon resonances in liquid media has been used in an analysis of recently
reported results for the temperature dependence of the Raman linewidth in liq-
uid NZ' The results indicate that this process contributes significantly to the

observed linewidths.

Heterodyne radiometry with blackbody sources was used to determine the sen-
sitivities of GaAs Schottky-diode submillimeter receivers. At 500 um, an NEP
of 2 x 10™18 W/Hz was measured for the system.

III. MATERIALS RESEARCH

A vertical gradient-freeze technique has been developed for growing single
crystals of Ni-doped Mng which will be used to determine whether this mate-
rial can be used as a tunable source of near-infrared laser radiation. Crystals
of excellent optical quality, as determined by interferometer evaluation, have
been grown in self-sealing graphite crucibles in a tungsten-element resistance

furnace.

To assist in the development of near-infrared lasers and detectors utilizing

GaXIn’l-XASypi-y

sitions of such iayers have been determined by electron microprobe analy-

layers lattice-matched to InP substrates, the alloy compo-

sis, and the emission wavelengths of lattice-matched Gaxlni_xAsypi_y/InP
double-heterostructure diode lasers have been measured at 300 and 77 K. Over
the entire lattice-matching range, the composition data are well represented
bv x = 0.40y + 0.067y2, and the laser photon energies at 300 K are given by
hv (eV) = 1.307 — 0.60y + 0.03y2.
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IV. MICROELECTRONICS

The optimum channel-stop implants and field oxide growth conditions have been
determined for the MOS transistors which will be part of the static shift regis-
ter being added to the programmable transversal filter to control the binary
multiplication. An optimum value for channel doping was found to be 3.8 X

1016 cm-3, which could be achieved by implanting boron at 200 keV at a dose of

1 X 1013 cm-z. The 0.8-pm-thick field oxide was grown by a steam oxidation
for 4 hr at 1000°C, followed by an 1100°C gate oxidation in dry O, plus 3% HC1
for 418 min., followed by a 15-min. N, anneal. This process yielded an accept-

ably small flatband voltage of —4 V.

Several wafers of the 100- X 400-cell CCD imaging devices for the GEODSS
(Ground Electro-Optical Deep Space Surveillance) Program have been fabricated
incorporating an integral light shield over the input and output shift registers.
A total of 12 of 84 devices have passed a DC probe test and will be dynamically
evaluated. Devices which pass the dynamic test will be used to assemble a
2-chip prototype hybrid imaging array.

A two-level interconnect system has been developed for fabricating hybrid inte-
grated circuits on alumina substrates. Sputtered aluminum is used for both
metallization levels, and insulation between levels is provided by either sput-
tered or low-temperature CVD SiOZ. Substrates for two complex, multi-chip
hybrid circuits have been fabricated by this process — one an 8-bit multiplier
utilizing 8 microprocessor chips and the other a i6-chip CCD sensor array.
Best results were obtained using a CVD oxide and a 99.5-percent alumina sub-

strate polished to 1- to 2-p-in. surface finish.

V. SURFACE-WAVE TECHNOLOGY

A process has been developed for fabricating polyimide-membrane x-ray-
lithography masks with membrane thicknesses ranging from 0.5 to several
micrometers. Thin membranes are required so that they are relatively trans-
parent to soft x-rays. The process produces large-area rugged x-ray masks
suitabole for use at the 13.3-A CuL wavelength as well as at the 44,7-A CK and
8.34-A AlK wavelengths,

The first results have been obtained with a new acoustoelectric surface-
acoustic-wave device, the integrating correlator. The basic operation of the
device is similar to a correlation receiver. An array of Schottky diodes held
in close proximity to a LiNb03 delay line provides mixing of two counter-
propagating surface waves, and each diode integrates the mixer product over
time. Integration times of 50 msec or more have been achieved. For a device
with a bandwidth of 20 MHz, this provides a potential correlation gain in excess
of 50 dB.
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I. SOLID STATE DEVICE RESEARCH

A. GaAs DIRECTIONAL-COUPLER SWITCH WITH STEPPED A3 REVERSAL

A necessary component for the development of many GaAs-based integrated optical cincuits
is an electrooptic 2 X 2 waveguide switch having high-power isolation (e.g., >20 dB) in eacH
switch state. To achieve such power isolation, it is desirable to be able to electrically optimize
performance so that light incident on one of the two guides can be confined to either guide at the
device output by application of an appropriate bias. One method of realizing such a devicel|is to
fabricate a directional-coupler switch in which the sign of AB, the propagation constant difference
between the two coupled guides, is reversed midway along the sample length. This scheme was
originally pr‘oposed‘1 by Kogelnik and Schmidt and was subsequently demonstrated by them2 in
LiNb03. In pri;nciple, this stepped AB-reversal switch is superior to the conventional dire¢tional-
coupler switch,” in which only one of the switch states can be electrically optimized. Here, we
report the first successful demonstration of a GaAs directional-coupler switch with stepped AS
reversal. The switch is characterized at 1.06 pm by up to 25 dB power isolation in both states,
which to our knowledge is the largest isolation reported to date for a GaAs-based device. (Pre-
viously, 17-dB isolation in a conventional GaAs directional-coupler switch has been reported.4'5)
The total power output for this AB-reversal device was constant to within 0.3 dB between zero
bias and the optimum bias for each switch state.

The switch we have fabricated is shown schematically in Fig.I-1(a). The structure cansists
of three closely spaced Pt-Au Schottky-barrier strip electrodes electroplated through openings

in an SiO2 film on a 2.7-pm-thick n~ (6 X 1014 cm-3) layer which was grown by vapor-phase

oL cm-3) substrate. A back contact was formed on the n+ substrate by

epitaxy on an n+ (1 x10
electroplating AuSn. For the devices reported here, the two outer Schottky-barrier electrodes
were 75 pum wide and were separated from the central 4-um-wide electrode by 8-pm spaces.
Light is guided in the n~ layer and is laterally confined to the two channels between the elec-
trodes. The structure thus forms a pair of closely spaced three-dimensional waveguides|(re-
ferred to as metal-clad optical striplinesé’7) and can function as a directional coup]er'.8 To
permit the modes of switch operation to be described here, each strip electrode had a 25-pm
gap midway along its length [as shown in Fig.I-1(b)], so that the device actually had six equal-
length electrodes. For each switch state, the two appropriate outer electrodes were bias'ed and
the other electrodes were left open-circuited. The waveguides were formed on (100) surfaces

with propagation in the [011] direction to minimize power loss.4'5

The device length (11.9 /mm)
was about 50 percent greater than the coupling length.

In discussing the operation of the AB-reversal switch, it is convenient to identify1 the|
switch states as the straight-through state and the crossover state, and to refer to the wave-
guide into which light is end-fire-coupled as the input guide and to the other waveguide as the
coupled guide. Thus, for the straight-through state the light at the device output face is don-
fined to the input guide, and for the crossover state the light at the device output face is cpn-
fined to the coupled guide.

To obtain the straight-through state, the device is operated as a conventional directignal-
coupler switch. The two outer electrodes along one of the channels are reverse-biased, ¢reat-

ing via the electrooptic effect a AB uniform along the length of the device. This destroys the
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phase synchronism of the two guides, resulting in a decrease of both the coupling length and the
fraction of power transferred. For the appropriate AS, the light originally exiting from the
coupled guide will be transferred to the input guide. To obtain the crossover state, two outer
electrodes that are diagonally opposed are reverse-biased so that the sign of AB is reversed
midway along the device length. For a broad range of sample lengths greater than a coupling
length, the light at the device output face can be confined to the coupled guide. As explaineé in
detail in Refs. 1 and 2, this effect can be thought of as resulting from two conventional
directional-coupler switches in series. For equal-length electrodes and ideal structures, the
required value of AB for each length is that which causes the light to be equally divided between
the two guides midway along the sample (i.e., at the strip electrode gap); since the differente
in propagation constant between the two guides is reversed at this point, the light at the output
face must emerge from the coupled guide. In principle, both switch states can be achieved lus-
ing the AB-reversal biasing scheme; however, the value of AB (and hence the applied bias) to
confine the light to the input guide is considerably larger than necessary if a uniform-Apg biasing
scheme is used. The best performance for a AB-reversal switch, in practice, will generally
be obtained by biasing each electrode individually to compensate for any inherent AB between
the guides (e.g., due to asymmetries introduced in fabrication) and for any difference in elec-
trode length.

The devices were evaluated at 1.06 pum using end-fire coupling and a phase-sensitive detec-
tion method previously described.4’5 Measurements were made using a Nd:YAG laser polar_;ized
to excite the lowest-order TE mode. Switching performance was determined, and losses due
to attenuation along the guide length and to the strip electrode gap were evaluated.

Transmission measurements through single-mode 8-um-wide guides with no electrode gap
fabricated on the same chip with the switches indicated that the loss coefficient ¢ was ~1.6 cm”
(6.9 dB/cm). Comparison of transmission through single guides and couplers with and without
a gap fabricated on the same chip indicated that loss due to the gap was small (0.2 dB). A
small loss is consistent with theoretical loss estimates based on the spreading of a waveguide
mode (modeled as a Gaussian) over a region where the refractive index difference responsible
for lateral confinement is removed.9 A small loss is also predicted from simple diffraction
arguments, since the 8-pm guide width is equivalent to about 26 wavelengths at 1.06 um in GiaAs.

The switching performance of these devices is shown in Fig.I-2(a-b) which indicates the
variation with bias of the output power Pi from the input guide, Pc from the coupled guide, jJand
the total power Pi + Pc‘ The data were obtained by biasing the electrodes individually as shown
in the upper-right portion of each plot. To obtain these plots, the voltage VF on the biased
electrode nearest the output was fixed at its predetermined optimum value (i.e., highest power

isolation), and the voltage V., on the biased electrode nearest the input was varied. Figure I-2(a)

indicates that for the straigh?:-through state, the optimum biases are VF‘ = -5V and VS = —112.5 V.
This results in 21-dB power isolation between the guides. The total output power decrease‘k

0.3 dB between zero and optimum bias. For the crossover state, shown in Fig. I-2(b), ZS-QB
power isolation is obtained for VF =-—10 V and VS =—~18 V. In this case, the total power output
is constant to within 0.1 dB between zero and optimum bias. The optimum power isolationg re-
ported here could be obtained for a range of £1 V about the given VF values by adjusting VS by

<1 V for each Vi
switch states was degraded from the optimum values. For the straight-through state, 19-dB iso-

When equal voltages were applied to both electrodes, power isolation irf both

lation was obtained at —10 V; and for the crossover state, 15-dB isolation was obtained at —25 V.




A similar degradation was reported for LiNbO3 devices.2 The need for separate biases for
optimum isolation can probably be attributed to asymmetries in the device introduced in fab-
rication. In fact, initial experiments on switches carefully fabricated to minimize asymmetry
show 23-dB isolation in both switch states for equal-voltage bias arrangements. Optimum
performance of 25-dB isolation for these switches was obtained for voltage differences of <4 V.
As is evident in Fig.I-2, there is appreciable power loss for biases greater in magnitude
than 20 V, with the effect somewhat more pronounced for the uniform-Ag arrangement. Although
the bias range greater than 20 V is not of interest here, similar power loss was reported for
conventional GaAs directional-coupler switches fabricated from metal-clad guides.8 The prob-
lem can perhaps be avoided by fabricating AB-reversal switches using p+n'n+ channel-stop strip
guides, since conventional switches made with this type of guide exhibited power conservation to

within 0.2 dB for voltages corresponding to comparable electric fields.‘l’5 [Also, the p+n_n+
1

»

guides have exhibited lower attenuation1 (o ~1 cm-i) than the metal-clad guides reported
here.|

For a number of applications (e.g., large bandwidth), a AB-reversal switch of minimum
length would be useful. This can be achieved by using a sample only slightly longer than a cou-
pling length. In this case, the device would be in the crossover state at zero bias. The power
isolation in this crossover state could be optimized by application of a few volts in the reversed-
AB bias arrangement. Preliminary results demonstrating this concept were obtained with an
8.5-mm-long GaAs switch having 7-pm-wide guides and 5-pm spacing. This device was about

10-percent longer than the coupling length. The zero-bias value of 13-dB isolation in the cou-

pled guide was improved to 19 dB by biases of VF =0 V and VS - —4 V. Light confinement of
19 dB was also obtained in the straight-through state by a uniform-Ag bias arrangement with
Vi = Vs ==30 V.

The small value of the loss associated with the strip electrode gap suggests that it should
be feasible to use similar gaps to electrically isolate waveguide devices on a common GaAs
substrate. For example, a pair of passive waveguides could be fabricated with one section,
separated by gaps, serving as a switch. Also, low-loss right-angle GaAs waveguide intersec-
tions could be fabricated. The 25-um gaps used here are not a lower limit on gap size, and the
loss associated with the gap theoretically would be expected to decrease as the gap became
smaller. IFor the AB-reversal GaAs switches of the type reported here, edge-breakdown con-
siderations suggest that the smallest gap between biased electrodes is on the order of twice the
epitaxial-layer thickness.

F.J. Leonberger
C. O. Bozler

B. DETERMINATION OF THE p-n JUNCTION LOCATION IN DOUBLE-
HETEROSTRUCTURE GalnAsP/InP LASER DIODES

Double-heterostructure (DH) GalnAsP/InP lasers were investigated by using a scanning
electron microscope (SEM). The DH samples, which are similar to those reported pr'eviously,12
were prepared by growing successive liquid-phase-epitaxial (LLPE) layers of n-InP, n-GalnAsP,
and p-InP on (111)B-oriented melt-grown n-InP substrates. The two barrier layers, namely
n-InP and p-InP, were doped with Sn and Zn, respectively, to a carrier concentration

~3 X 1018 cm-3. The GaInAsP active layer was either undoped or Sn-doped, and its carrier
concentration varied from 1016 to 1017 cm—3. The GalnAsP layers were determined to be n-type

from Hall measurements, which were made on GalnAsP layers grown on semi-insulating InP




substrates under the same growth conditions. Both InP layers are 2 to 3 um thick, while th}e
thickness of the GalnAsP layer varied from 0.1 to 1 pm. The growth temperature and the growth
time for the p-InP layer are typically 620°C and 10 min., respectively.

The samples were made into broad-area devices, following the fabrication procedures
described earlier.12 Devices with ideal I-V characteristics and mirror-like cleaved facets were

selected for further investigations.

GaInAsP t Sn [

AuZn CONTACT

n-InP ¢ Sn | l | p-InP : Zn

Fig. I-3. SEM photomicrograph of
cleaved and etched cross section of
a DH GalnAsP/InP laser. An in-
duced current trace was superim-
posed on secondary emissionimage
(X 13,000).

—>| Tum |——
e———— 3.2 um

The heterojunction interfaces were delineated by etching the cleaved cross section in a solu-
tion of 3HZSO4:1HZOZ:1HZO at room temperature for 20 sec. An SEM photomicrograph of the
cleaved section of a typical broad-area device is shown in Fig.I-3. The two heterojunction
interfaces between the InP and the GalnAsP layers are revealed in the secondary emission irnage,
and the location of the p-n junction is identified by the peak of the superimposed current trace.
For all the devices tested in this work, the p-n junction was found to coincide with the n-InP/
GalnAsP interface to within 0.1 pm, which indicates that the GalnAsP layer has been converted
to p-type during the growth of the p-InP layer. This phenomenon is caused by the diffusion pf
Zn from the p-InP layer through the GalnAsP and further into the n-InP region. It is noted that
the n-InP layer remained n-type, due to the fact that since the n-InP layer is more heavily dloped,
the amount of Zn which diffused into this layer was not able to compensate sufficiently to convert
the n-InP layer to p-type. As a result, the p-n junction was pinned at the n-InP/GaInAsP inter-
face. For the sample shown in Fig. I-3, the effective Zn diffusion coefficient in the GalnAsP
region is estimated to be 1.4 X 10_“ cmz sec-1 at 620°C., This value is the same order of |
magnitude as that reported for InP (Ref.13) at a diffusion temperature of 650°C using a chemical
diffusion method. [

These results thus suggest that the fast diffusion rate of Zn in GalnAsP causes a shift of
the p-n junction during the growth process. In order to prevent the p-n junction from occurfing

in the n-InP, a heavily doped n-InP layer (i.e., 3 X 1018 cm-3) is required.

C.C. Shen
J.J. Hsieh




C. PROTON BOMBARDMENT IN InP

It has previously been shown that proton bombardment can be used to make high-resistivity
layers in both p- and n-type GaAs (Refs. 14 to 19), Alea1_xAs (Refs. 19 and 20), and GaP
(Ref. 21), and that this technique is useful in device processing. It has been used in the fabri-
cation of avalanche photodiodes,zz'23 IMPATT diodes,z‘t_26 planar transferred electron logic
devices,27 planar Schottky-barrier detector diodes,28 "stripe-geometry" lasers,29 field-effect
transistors,30 and optical waveguides.“-?’?’ Recently, proton bombardment in InP was used in
the fabrication of stripe-geometry InP/InGaAsP lasers.12 Although the resistivity of the bom-
barded region was apparently increased sufficiently to confine the diode current to the stripe,
no actual measurements of the electrical properties of the bombarded p-InP were made. In
this section we will present results of a study on the effects of proton bombardment on the elec-
trical properties of n- and p-type InP. Unlike results in the Ga-based III-V compounds, we
found that the resistivity of n-type InP can be increased only to ziO3 Q-cm; that of p-type InP,
however, can be increased to > 108 Q-cm for an optimum proton dose. A simple model is pre-
sented which explains all the results obtained to date.

The InP samples used in these experiments were cut from bulk (111)-oriented n-type, p-type,
and high-resistivity Fe-doped (p =~ ‘107 Q-cm) crystals. The carrier concentration of the n-type

-3

samples ranged from 1 X 10"~ to 1 X410~ ecm 7, and that of the p-type samples from 5 X 1017

to 5 X 1018 cm-3. After polishing, the B face of each sample was etched in a 1-part acetic
acid: 1-part perchloric acid: 5-parts nitric acid: 1-part hydrochloric acid solution.34 For
initial experiments, thin gold contacts (<1000 A) were electroplated on the InP prior to bombard-
ment. For subsequent experiments in which the bombarded samples were annealed, a 1000- A
layer of SiO, was first pyrolytically deposited at 320°C. After the bombardment and anneal,
holes were opened in the SiO2 and gold contacts were electroplated or evaporated. The gold
contacts in all cases were 20 mils in diameter. For the purposes of these experiments, the
effects of the SiO2 and the thin gold contacts on the range of protons could generally be neglected.
A large-area, plated-gold back contact was usually used to contact the substrate. To evaluate
the effects of the bombardments, the equivalent parallel resistance and capacitance of these
Au-InP structures were measured.g'5 In addition, Hall measurements of the van der Pauw type36
were made on several samples.

Both single-energy 400-keV and multi-energy proton bombardments were carried out with
the InP samples at room temperature. As in earlier results on n+-Ga.As (Ref. 35), a multiple-
energy proton bombardment was generally found to be superior to a single-energy bombardment.
The multi-energy bombardment schedule used was based on a dose of N at 400 keV, 0.6 N at
300 keV, 0.3 N at 200 keV, and 0.2 N at 100 keV (where N is given in units of cm_z). (There
is some indication that an additional dose of 0.1 N at 50 keV may provide an even more "uniform-
damage" region.) Neglecting the energy loss in the gold contact or SiO,, the depth to which this
bombardment schedule affects the resistivity of the InP was found to be approximately 3.8 um.
This was determined from the capacitance (5.8 pF for a 20-mil-diameter Au contact) measured
on p-type InP bombarded with an optimum dose (see below).

For bombarded n-type InP, the current-voltage characteristics of the Au-~InP devices were
generally linear. The contact-to-substrate resistance increased with proton dose up to a maxi-
mum of 600 to 800 ©, irrespective of the initial carrier concentration of the samples. This
resistance is much greater than the initial resistance of the Au-InP, especially for samples

with initial concentrations >1 X 10” cm_3. Using a depth of 3.8 pm and the area of the gold




contacts, the maximum resistance corresponds to an average resistivity in the bombarded re-
gion of =(3 to 4) X 10° -cm. The minimum dose required to achieve this resistivity increases
slightly with increasing initial carrier concentration. A multi-energy bombardment with
N=1X% 1015 cm-2 (see above schedule) is generally sufficient for n = 1 X 101 cm-3 material.
At higher doses, the resistivity decreases slightly with increasing dose.

On unbombarded or lightly bombarded p-type InP, the electrical characteristics of the
Au-InP devices are those of a Schottky barrier on p-type material. With increasing dose, the
current-voltage characteristics become more symmetrical and the capacitance decreases to a
minimum of 5.8 pF. For an optimum dose, the current is linear with voltage out to >+25 V.
The observed resistance corresponds to a resistivity > 108 Q-cm. For p-type samples withl an

_3, the optimum multiple-energy dose corresponds to an N

-3

initial concentration of 5 X 101 cm

-2

The optimum dose for p = 5 X 1017 cm ~ material is about

0.3 of that required for p = 5 X 1018 cm-3 material. For doses higher than the optimum, the

of approximately 1 X 1014 cm

resistivity of the bombarded layer decreases and the I-V characteristics of the Au-InP devites
begin to 1ook like diodes. For high doses (N ~ 3 X 1015 cm-3), the diffusion voltage extrapalated
from the forward I-V characteristics of these diodes is 0.8 to 0.9 V, and the forward series
resistance is approximately 900 Q.

All these results can be explained using the simple model shown in Fig.I-4(a-c). In this
model it is assumed that the proton bombardment creates deep donors and deep acceptors which,
when they become sufficiently greater than the initial number of net shallow donors or acceptors,
pin the Fermi level at about 0.30 to 0.34 eV above the intrinsic Fermi level Ei (or 0.26 to 0.30 eV

below the conduction-band edge). There could be only one deep-donor level and one deep-acreptor
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Fig.I-4. Simple theory of proton bombardment in InP: (a) position
of Fermi level for high doses; (b) effects on n-type material; and
(c) effects on p-type material.




TABLE 1-1

MULTIPLE-ENERGY PROTON BOMBARDMENT IN p =~ 5 X ]0]8 cm-3 InP
l Proton Bombardment No Anneal 200°C Anneal 300°C Anneal 400°C Anneal
Energy Dose Ro c” Ro c* Ro c’ Ro c*
Sample (keV) (em=2) (MQ) (pF) (MQ) (pF) (MQ) (pF) (MQ) (pF)
400 1.0 X ]OM
\
13
300 6.0 X 10
] - 350 6.5 100 6.0 Sghfr'i':ry 83. 2 - -
200 3.0 X 10 =
100 | 2.0x10"
w00 | 3.0x10"*
14
300 1.8 X 10
2 13 | 7 -p Junction | 11.1 ~5 MQ 5.8 25 6.0 SE":".':V 28.0
200 9.0 X 10 s
100 6.0 X ‘0]3
400 | 3.0x10"
0 | 1.8x10” | ) )
3 ‘ 14 n -p Junction 76.5 n -p Junction 40.7 n -p Junction 29.2 >30 6.0
I‘ 200 9.0 x 10
100 6.0 X 10]4

*Capacitance measured at 500 kHz.

For 20-mil-diameter contact on ideal 3.8-pm-thick 108 Q-cm layer, Ro =18 MQ and C = 5.8 pF.




level or a whole series of donor and acceptor levels as shown in Fig,I-4(a). It is not material
to this simple model if the donors or acceptors are closer to the conduction-band edge. If they
are associated with the same defects or complexes, however, the acceptor levels for any par-
ticular center would be closer to the conduction-band edge. In n-type material, as shown in
Fig.I1-4(b), the Fermi level moves downward with increasing proton dose until it becomes pinned
at a position designated as the high-dose Fermi level. At this point, the resistivity is nominally
103 Q-cm. At very high doses, banding of the defect levels will probably reduce the resistivity.
In p-type material, as shown in Fig. I-4(c), the Fermi level moves upward with increasing pro-
ton dose. At a dose when the Fermi level is near the intrinsic Fermi level (probably just below,
depending on the ratio of hole to electron mobility), the resistivity achieves a maximum. For
higher doses, the Fermi level continues to move toward the conduction-band edge and the bé)m-
barded layer becomes weakly n-type. Based on this model, the Au-InP devices on p-type ma-
terial will look like Schottky barriers for low doses, metal semi-insulating semiconductor
structures near the optimum dose, and, for higher doses, n -p junctions with a high forwand
resistance due to the n~ layers.

As a check on the model, Hall measurements of the van der Pauw type36 were made on|
heavily bombarded layers in p-type and Fe-doped (p = 107 Q2 -cm) material. Several of the
Fe-doped samples had a thin Mg ion-implanted p-type layer (see Sec. D below) with a sheet con-
centration of 4 X 1013 cm-2 and a mobility of 80 cmz/V-sec. After a standard multi-energy
bombardment with N = 1 X '1015 or 3 X '10‘15 cm-z, n-type conductivity was observed on all
samples. Using a depth of 3.8 um for the bombarded region, these measurements, however,
generally give resistivities in the range of 200 to 1000 Q-cm with n ~ (0.4 to 1) X 1014 cm™>| and
p =100 to 500 cmZ/V-sec. These resistivity values are considerably lower than those obtained
from I-V measurements on the Au-InP devices. The resistivities determined from the I-V|
measurements could be too high due to unaccounted-for contact resistance. On the other hand,
the resistivity determined from the van der Pauw measurements could be too low due to current
leakage through the substrates. At the present time, the resistivities obtained by the two methods
can be considered an upper and lower limit, respectively. Therefore, a fairly wide range for
the position of the high-dose Fermi level has been given, and the high-dose resistivity has been
nominally shown as about 103 Q-cm in Fig. I-4.

Since many of the devices in which proton bombardment may be used could be subjected to
elevated temperatures through post-bombardment fabrication procedures and/or operating ¢on-
ditions, the annealing characteristics of the proton-bombarded layers in p-type InP were in-
vestigated. The annealing behavior was found to be qualitatively similar to that reported for
proton-bombarded GaP (Ref.21) and nt-GaAs (Ref. 35). For p-type InP bombarded with the
optimum dose for maximum resistivity without an anneal, the resistivity decreases with indreas-
ing anneal temperature. For higher doses, the resistivity is initially lower but increases with
anneal temperature until it reaches a maximum in the 108 Q-cm range. The optimum anneal
temperature increases with dose. Table I-1 summarizes the pertinent results obtained on |
p-type material with an initial carrier concentration of 5 X 1018 cm'3. This table lists the|DC
resistance R (measured on a curve tracer) and the capacitance C (measured at 500 kHz) of
three samples bombarded with different doses, portions of which were annealed for 15 min. at
several different temperatures up to 400°C. For an ideal 3.8-pm-thick layer of 108 Q-cm
material, the resistance and capacitance of a 20-mil-diameter gold contact would be 18.7 MQ

and about 5.8 pF, respectively. For reference, the current-voltage characteristics of devices
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Fig. I-5. Current-voltage characteristics of
20-mil-diameter gold contacts on multi-energy

proton-bombarded p4-InP (p =5 X 1018 cm-3)
with (a) no annealing and (b) a 200°C, 45-min,
anneal. InP was bombarded with proton doses
of 1 x 10%* em™2 at 400 kev, 6 x 10'3cm 2 at

300 keV, 3 x 1013 cm™2 at 200 keV, and 2 X

10%3 cm™2 at 100 keV.
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Fig.1-6. Capacitance vs voltage of 20-mil-diameter gold contacts on

two multiple-energy proton-bombarded p ~ 5 X 1018 cm_3 InP samples
from Table I-1, with sample 1 annealed at 200°C and sample 3 annealed
at 400°C. Capacitance was measured at 500 kHz.
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on sample 1 with no amneal and with a 200°C anneal are shown in Fig. I-5(a-b). The resistance
of the piece annealed at 200°C corresponds to a resistivity of 5 X 108 Q1-cm. Very little leakage
current flows out to £40 V, where the average electric field is f=105 V/cm.

Several points can be noted relative to the data of Table I-4. For sample 1, the resistance
after a 200°C anneal was somewhat higher than that before annealing, while after a 300°C anneal
the electrical characteristics appear to be that of a Schottky barrier on p- material. For sample
2 with its higher proton dose, the resistivity probably reaches a maximum for an anneal between
200° and 300°C, and again Schottky-barrier characteristics are observed for a 400°C anne3gl.

In sample 3 with the highest proton dose, the resistivity increases with anneal temperature,
reaching a value in excess of 108 Q-cm at 400°C. In both samples 2 and 3, anneals at temper-
atures well below the optimum resulted in n” -p junctions with high forward resistances. This
pattern of annealing characteristics can be qualitatively explained by postulating that more than
one type of compensating defect or complex is being created by the proton bombardment, and
that each type anneals out at a somewhat different temperature.

The capacitance (measured at 500 kHz) vs voltage of devices from sample 1 annealed at
200°C and from sample 3 annealed at 400°C are shown in Fig. I-6. There is little variation in
capacitance out to high voltages (>45 V) in either bias direction. The zero-bias capacitance
and AC resistance as measured on a bridge, however, were found to vary with frequency. This
is shown in Fig.I-7 for devices on the same two samples. The AC resistance r appears to be
inversely proportional to f-1 ¢ at higher frequencies, while the capacitance C decreases with
frequency, asymptotically approaching a constant value at the higher frequencies. This type of
behavior is similar to that observed in proton-bombarded nt-GaAs (Ref. 35) and is believed|to

be due to a hopping conductivity.37'38

W 8- 141801
20-mil-dia. Au CONTACT
P pa 5x10%cm>

PROTON BOMBARDMENT
ENERGY  DOSE (10 ‘cm )

. (kev)  NO.1 NO.3

400 1.0 300

300 0.6 18.0

200 0.3 9.0

o >~ 100 0.2 6.0

- T ~ r¢f'°'5
Fig.I-7. AC resistance and capacitance 10 O~ ~osZ
of 20-mil-diameter gold contacts on two - NS

N
SAMPLE NO. 1

multi-energy proton-bombarded p = 5 X \u‘u
200 °C ANNEAL /7 i

1018 cm_3 InP samples from Table I-1,
SAMPLE NO. 3
400°C ANNEAL

T T T Iyl

1 VT

LILBLELAARL
/

r(Q)

~0
with sample 1 annealed at 200°C and sam- s “
ple 3 annealed at 400°C.

—rorroamf

P ol

SAMPLE NO.3
400 *°C ANNEAL

3
CAPACITANCE (pF)

LBRILERRA!

SAMPLE NO.1
200 °C ANNEAL

R NNt BRIt ]
0° 10" 10° 10
FREQUENCY (Hz)

Lol

11




These results indicate that proton bombardment can increase the resistivity of n-type InP
only to a level of about 103 Q-cm, while the resistivity of p-type InP can be increased to
>108 -cm for an optimum multiple-energy dose or an optimum combination of dose and post-
bombardment anneal. For properly chosen proton doses, high-resistivity layers can be achieved
even with post-bombardment temperatures reaching at least as high as 400°C.

J. P. Donnelly
C.E. Hurwitz

D. ION IMPLANTATION IN InP

Ton implantation in InP has the potential of being of significant practical importance in the
fabrication of optoelectronic and microwave devices. In this section, some initial results on
the use of implantation to create n-type, p-type, and high-resistivity layers in InP will be sum-
marized. Details of the encapsulation system and implantation results will be given in subse-
quent reports.

In general, post-implantation anneal temperatures of 725° to 750°C were required to
achieve high electrical activity of the implanted ion species. To protect the InP from decompo-
sition and anomalous carrier-concentration changes at these temperatures, a pyrolytic phospho-
silicate glass (PSG) encapsulation, which permitted reproducible annealing at temperatures in
excess of 750°C, was developed.

For n-type layers, 400-keV Se+ or Si+ ions were implanted into high-resistivity
(p > 10 Q-cm) Fe -doped InP substrates held at both room temperature and 200°C. For doses
of 10 Se /cm , the sheet carrier concentration of the implanted layers did not depend on the
substrate temperature, whereas the sheet mobility was consistently #20 percent higher on the
samples implanted at 200°C. For doses > 1014 Se+/cm2, higher values of both sheet carrier
concentration N and mobility kg were obtained for implants made into the heated substrates.
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TFollowing a 750 "C 15-min. anneal samples implanted at 200°C with 1 X 10 Se /cm2 exhibited

an N of 7.8 X 1013 X and a Hg of 1810 cmZ/V-sec. At a dose of 1 X 1015 Se /cm s Ns and

pg wWere 3% 1014 cm 2 and 1300 CmZ/V-sec, respectively, which corresponds to a sheet resis-
t1v1ty of 16 @ /0. The results obtained with Sl+ were 51m11ar to those using Se ions.

To make p-type layers in Fe doped InP, Be' s Mg , and ca’ were implanted at 50, 150,
and 400 keV, respectively. Mg was also implanted into n-type InP (n ~ 4 X 1016 -2) with
results similar to those obtained in the high-resistivity substrates. Implantation of Mg'+ into
substrates at room temperature resulted in higher sheet carrier concentrations than implanta-
tion into heated substrates. Samples implanted at room temperature with 1 X 1014 Mng/Cm2
and annealed at 750°C for 15 min. yielded values of N and Mg of 5.2 X 1013 cm 2 and
83 cm /V -sec, respectively. For the heavier ion (Cd ) however the opposite result was
found, and higher sheet carrier concentratlons were obtamed on samples implanted at 200°C.
For a saix?ple irznplanted at 200 °C with 1 X 10 Cd /cm and annealed at 750°C, N and hg Were
3.6 X10 ~ cm”

Although it was found that proton bombardment could convert p-type InP to high-resistivity

and 90 cm /V-sec respectively.

material (p > 108 Q-cm), this technique was not similarly useful for substantially increasing
the resistivity of n-type material (see Sec.C above). Implantation of Fe, however, was found
to be quite effective in creating high-resistivity layers in n-type InP. A multi-energy (flat
profile) Fe implant in n-type InP (n = 4 X 1016 cm_3) followed by a 725°C 15-min. anneal re-
sulted in layers with a resistivity '~e107 Q-cm.

J. P. Donnelly
C.E. Hurwitz
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E. Si CONTAMINATION OF LPE InP

Our early attempts to grow high-purity InP by liquid-phase epitaxy (LPE) from an In-rich
solution have shown that silicon contamination is a key problem. Not only is the Si concentra-
tion in as-received In too high for our requirements, but the growth solution can be furthen
contaminated through direct or indirect contact with quartz if a strongly reducing gas suchas
dry H2 is present in the growth tube. Reports in the literature on LPE growth of high-purity
InP have been incomplete in that the partial pressure of HZO in the atmosphere of H‘2 over the
growth has either not been measured or has not been reported, and it is this parameter that
determines the equilibrium concentration of Si in the growth solution at a given temperature. A
similar situation exists for the Si contamination of Ga-rich growth solutions for GaAs grthh.39'40
However, the distribution coefficient kSi’ which is the ratio of the Si concentration in the growth
to that in the solution, is much less than 1 for GaAs but is ~30 for InP (Ref. 41). With thisjlarge
kSi’ the minimum donor concentration that can be expected, using our best as-received In with
a few ppm Si, is ~1 X 1'% om=3,

The mechanism for Si contamination from the vapor is a two-step process. First, during

baking or growth, gaseous SiO is formed by the reaction

Si0,(s) + H,(g) —SiO(g) + H,0(g)

where s, f, and g specify the solid, liquid, or gaseous phase of the substrate. In the second
step, the SiO is reduced by contact with the molten In, and the Si dissolves in the solution

2In(2) + SiO(g) ~ In,Olg) + Si(1)

Weiner has worked out the kinetics of the Si contamination of a Ga solution as a function of tem-
perature and partial pressure of HZO (Ref.40). By using thermodynamic values in the literature
for the free energy of InZO and the solubility of Si in In, it is possible to make similar calcula-
tions for the Si contamination of In solutions. An interesting second case considered by Weiner
is that of direct Ga contact with a silica boat, whereby contamination can occur by the readtion
(written here in terms of In instead of Ga)

SiOZ(S) + 4In(1) — ZInZO(g) + Si(¢)

This reaction is of interest even without the silica boat because, if driven to the left by a suffi-
ciently high InZO pressure (controlled by the HZO pressure), purification of the In is achieved.
The SiO2 formed presumably floats to the surface where it either does not interfere with the
growth or can be etched away. Again, it is possible to calculate the kinetics and the equilibrium
values for the purification process, except that the limiting rate is expected to be set by the
diffusion of Si to the In surface, rather than by the flow of gaseous reactants to the In surface,
as treated by Weiner. In Fig.I1-8, we show results of the equilibrium concentration calculations.
By assuming kSi = 30, we have expressed the Si concentration as a minimum donor concentra-
tion in the epitaxial InP, rather than as a fraction of the growth solution. The calculations| have
been made using free energy values from the JANAF Tables,42 as well as the thermodynamic
data from Refs. 43 and 44.

In our experimental work, we have assembled an LPE growth system with high vacuum in-
tegrity and have reduced HZO vapor levels in it by vacuum-baking. A procedure followed ih
several early runs was to give the In an extended (> 12 hr) bake at ~930°C under Pd-diffused

H,. Epitaxial layers grown after this treatment have very high donor concentrations up to ithe
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mid-iO19 cm'3 range. Mass spectrographic analyses of the In showed that this baking treat-
ment increased the Si content of the In from ~10 to above 100 ppm. The rate of Si contamina-
tion observed is predicted by the thermodynamic calculations if the partial pressure of HZO in
our system is 10_8 atm, a number that is corroborated by the temperature at which the In203
on the In charge is reduced, as observed with a "transparent" furnace.

Our next efforts at In baking went to the opposite extreme by utilizing a source of HZO-
saturated H, mixed with the Pd-diffused H,, giving a HZO partial pressure of ‘10"2 atm. The
Si level in the In baked in this atmosphere was not accurately determined, but it stayed under
the 10-ppm level, and there were indications in the mass spectrographic analysis that the Si
was concentrated at the surface, as expected if converted to SiOZ. Net carrier-concentration

2 % . " 17 -
levels in epitaxial layers grown from this In were reduced, but only to the 1 X 10" " cm ! level.

A bake under dry H, for 6 hr at 600°C reduced the net carrier concentration to the mid-iO16
level. Our interpretation of the results with the wet H2 baking is that the Si contamination
problem has been replaced by an O2 contamination problem. Solomon observed that, for growth
of GaAs from Ga-rich solution, HZO or GaZO3 added to the growth atmosphere or solution in-
troduced donor impuri'cies.45 Our results are understandable if O2 behaves in a similar way for
InP grown from In-rich solution.

An apparatus for In baking is presently being assembled that will allow the ratio of HZO to
H, pressures to be set at any level between the very wet and very dry extremes used heretofore.
With this, we will be able to compare measured donor concentrations with those predicted in
Fig.1-8, and we expect that this apparatus will lead to considerably higher levels of purity than
we have been able to obtain to date. S. H. Groves

M. C. Plonko
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